In China there has been considerable discussion of how one should express the efficiency of energy conversion and production. Energy return on investment (EROI) can be useful for this because its methodology is based on outputs and inputs. Unfortunately, similar to the rest of the world, most of the data available for assessing energy gains and costs for oil and gas in China has to be derived from economic costs and revenues for oil fields. In this paper we derive a first EROI for China based on using this approach and the existing data for production of crude oil and natural gas for the Daqing oil field, the largest oil field in China. We estimate that its EROI stnd expressed as heat equivalent was 10:1 in 2001 but has declined to 6.5:1 in 2009. Based on this trend we project that the EROI stnd will decline to 4.7:1 in 2015, and the net energy from the field will be decreasing substantially. The calculations have some errors because of incomplete data, and if various externalities are taken into account, the EROI of this oil field would be lower than our present estimates. The trends of EROI and net energy suggest that the Daqing oil field will face more difficulty in the future which can not be overcome by government fiat.
Introduction
In traditional economic analyses there are two types of profits and returns from economic systems: "gross" and "net" . These are used routinely in such assessments as the gross national product (GNP) and the net national product (NNP), and in gross income and net profit in financial analyses. Any economic system, from enterprises to countries, must consider not only the total or gross output or sales but also the net output (profit) for their decision making.
Curiously the same concept is almost completely ignored by most researchers in the energy field. This has been true even though the concept has a long history in energy analysis. For example, Cottrell [1] uses the concept of net energy production, which he calls energy surplus. Howard Odum [2] writes explicitly about the importance of gross vs net energy output. Hall et al. [3] and Cleveland et al. [4] put forward a related concept, energy return on investment (EROI), as a more intuitive description of net energy. Although the concept seems easy enough (energy output divided by energy inputs used in the same energy production process), it is actually very complex in practice. It can be used in at least two ways: firstly for getting energy itself, e.g., the normal process of oil exploration, development and production from an oil field or province, and secondly more generally for the energy required to maintain and develop an economy or society.
So far EROI has not been undertaken according to any unified standards because it has involved many uncertain factors and many independent and sometimes arbitrary judgments, as discussed in Murphy et al. [5] in this journal special issue. This has contributed to different results from different analyses, although nearly all analyses show that: the EROI of conventional oil, gas and coal is high but decreasing, and the EROI of oil shale, liquefied coal and biofuels is much lower. In 1970 the oil and gas industry in the United States used the energy equivalent of one barrel of oil to produce about 30 barrels of oil, so the EROI was 30:1 [6] . Today, for the U.S. the EROI has dropped to approximately 10:1 while the global value has declined from 35:1 in1999 to 18:1 in 2006 [7] .
EROI has additional relevance to the concept of peak oil. Many geologists and economists are optimistic that technology can solve the peak oil problem, so they disagree, more or less, with the concept. The truth is that depletion and technology are in a race, and there is no obvious way to distinguish which is the winner without empirical analysis of particular situations. Technology can indeed sustain or increase output, but it usually requires substantial energy investments to do so. In a sense the change in EROI evaluates who is winning in the race between oil depletion and technological progress. That assessment gives more credibility to peakoilism [8] .
Daqing Oil Field and Its Important Role in China
The discovery of Daqing oil field in 1959 made China an oil-rich country. The Daqing oil field is by far China's largest oil field to date (Figure 1) , and is also among the world's largest oil fields. It has obviously made a tremendous contribution to China's oil industry and maintained a long-term stable yield. Since it has recently shown some signs of faltering, this seems like a good time to ask if EROI can add anything to our understanding of this important oil field. Economy in China. Note: natural gas production is much less than oil, and the Daqing oil field website converts gas into toe and includes it in oil production. In the first phase (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , crude oil production increased rapidly, to 371.7 million barrels per year in 1976.
In the second phase (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) , the oil field was in a moderate "containing-water" stage and had stable production for a decade. By increasing the pressure of the water beneath the oil and increasing pressure among a series of different strata, annual production increased continuously, from 371.8 million barrels in 1977 to 410.5 million barrels in 1986.
In the third phase (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) , which was the second stable production decade of the Daqing oil field, the field began to become saturated with water. While the quantity of additional water in the field was increased gradually, it became more difficult to maintain a stable yield. Therefore, China then used advanced technology which aimed to improve the output of old wells, and to increase the productive potential of the field's low-to-moderately permeable strata. Consequently, the annual production increased from 410.5 million barrels in 1987 to 413.9 million barrels in 1997. At this phase, Daqing oil field experienced a "peak plateau" period at about 410 million barrels per year. The proportion of this one field in the national total production declined from 41.4% in 1987 to 34.8 % in 1997.
In the fourth phase (1998-2009), the oil production began declining. The production of the Daqing oil field has been decreasing since the peak of 410 million barrels to 295.6 million barrels in 2009. In this period, oil production was maintained and water content was controlled mainly by increasing the pressure of the water beneath the oil and the use of polymer flooding technology to maintain oil production and control water content. The proportion of the Daquing field in national production also declined, from 34.6% in 1998 to 21.1% in 2009. One can note that, even at peak usage, there was less than half a barrel produced per year per Chinese citizen.
EROI Methodology

EROI and Similar Indexes in China
There are several existing indexes of efficiency used in China whose equations are somewhat similar to EROI. These include "energy macro-efficiency", "productivity", "energy physical efficiency", and "efficiency of energy conversion". Just like EROI, each of them evaluates relations of "output" and "input". However, they are essentially different from EROI.
Energy intensity, one important index of "energy macro-efficiency" from the national point of view, regards GDP as output, and energy consumption as input (equation 1). A higher economic efficiency causes a lower energy intensity. It emphasizes the relation of energy consumption to the economy, and reflects from the national perspective the dependence of economic well-being on energy.
Energy intensity = energy consumption / GDP (1)
Productivity, like energy macro-efficiency, uses the ratio of output and input to evaluate production capacity from a macro-view (equation 2). Output is gross (or net) national production and input is based on human, material or financial resources or a combination of these resources. Productivity = commodities output / human labor (or capital or resources or other) (2) Energy physical efficiency is generally assessed as energy consumption per unit product (equation 3). This index focuses mainly on energy utilization per unit of energy-intensive products, such as total energy consumption per unit steel production. It is especially suitable for the comparison between enterprises which have the same production structure, and the same level of equipment and management. The similarity of this index and EROI is energy consumption per unit of production, although they are reciprocal.
Energy physical efficiency = energy consumption / production of product (3) Efficiency of energy conversion, is the ratio of output of a particular kind of energy to the energy inputs for processing and conversion in the same period (equation 4). This analysis focuses on the levels of equipment and the technology of conversion and management used. In recent years, this index for petroleum refining and coking has been maintaining at 95% and above. The same ratio for electricity generation by power stations fluctuates about 39%.
Efficiency of energy conversion = energy output after conversion / energy input for that conversion (4) Most of these ratios are applied at the level of the entire economy, the nation or some other large entity. EROI is different because it examines the effectiveness of obtaining energy itself, assesses the energy gain relative to energy costs, and assesses how the quality of the energy base is changing over time, including changes in net energy gains from energy resources. It is usually applied at the level of a particular field, region or political unit. Importantly, it allows ranking different fuels and examing trends in the relation of technology and depletion over time. We believe that EROI should become one of the important components of China's official energy statistics like the above four. There may be less enthusiasm for governments to maintain such statistics because, unlike the other indices, it often declines over time, which is in opposition to the concept of continual technological progress which the government likes to project.
Static and Dynamic Process
EROI analysis can be used to derive the energy relations at one point in time, but it usually generates more interesting results when it is used to evaluate the dynamic productivity of an energy supply process, that is its behavior over in time. A discussion about the performance of a process usually starts from a static state, often for the present, and then develops from there.
A difficulty is assigning the time period when inputs generate outputs. Usually the energy output data should be for the same period as that of energy input. Some of the fuel produced at a given time, however, came from investments long ago, and today's investments are likely to be generating fuel well into the future. In actuality much of today's costs are for immediate production (such as natural gas used to pressurize or pump an oil field), some is used for replacing equipment that has worn out over past years, and some is used to find or exploit new oil or gas. Since different depreciation methods are used for different fixed assets, we can't simply put total fixed assets into "energy inputs". However, we can get the total depreciation from the Daqing oil field. In addition, while detailed records of energy consumption are kept, these data are expressed in terms of money, such as total cost and expense during the processing year. They must be multiplied by some index of energy intensity if we want to use them in an EROI formula. This gives a straightforward assessment of energy in physical units.
Approaches to EROI
Our initial method of deriving EROI is to compare energy outputs and inputs in thermal units. The formula is as follows: (5) and respectively indicate thermal equivalents of energy outputs and inputs for the period considered. Thermal equivalents are based on the first law of energy conservation, i.e., that all energies can be measured by their final conversion to heat. However, the ability to heat water is just one attribute of energy. Different characteristics and ways of using energy can contribute to different power generation of the same thermal energy [10] . We believe it is necessary, in addition, to apply a quality factor and revise EROI because of different energy qualities. Howard Odum was among the first to propose the concept of energy quality and defined it as relative economic utility among different energy types [11] . The revised formula is as follows:
where means the quality factor. This revised EROI can better reflect the real supply of useful energy to society.
The two formulas above are dynamic over time. In one time unit (such as one year), the formula of EROI is as follows: (7) where is joules of all energy outputs expressed in the same units, and , respectively, represent total input and direct (on site) input of different kinds of energy, is a quality factor representing the "potency" of the different forms of energy used, expresses indirect inputs, which are usually derived from money spent and its energy intensities per monetary unit, E ins .
In theory, energy intensity should be based on numbers from the entire (national) oil industry or related to the national oil and gas supply sectors-in other words, it should be for those sectors supplying the indirect inputs such as steel forms or drill bits. It is difficult to calculate this, however, because of a lack of data on GDP and energy consumption for specific sectors of the Chinese economy. In the Chinese data, the sectors for extraction of petroleum and natural gas are categorized simply as belonging to "industry". Therefore, we must use more general conversion factors, those for the energy intensity of all industry. These can result in certain errors in the calculation of energy inputs to EROI but are more accurate than using values for the economy as a whole. We were able to get data for GDP and energy use to derive a time series of energy intensity for all industry (Figure 3) . We eliminate the effect of inflation by using each year's ratio [7] . [12] ). The economic data is not corrected for inflation. CE respresents coal equivalent.
In order to get quality-corrected energy outputs and direct energy inputs, we used the Divisia index, which basically makes the assumption that the quality of a fuel is related to its relative price per heat unit [5] [13] [14] . While price is not the perfect predictor of energy quality, it is better than no correction and easy to get. This is most important here with respect to the quality differences between oil, natural gas and other energy [15] . The Divisia index which corrects for price changing and from one year to the next is expressed as: (8) where P is the price of n different types of fuels and E is the final consumption of energy (joules) for each fuel type.
Since most kinds of energy originate from solar energy, all energies could be weighed relative to solar energies, which can make different kinds of energy comparable [16] . Although it seems to be effective, there are some limitations for its application to EROI analysis of oil and natural gas extraction since it is not quite clear how much sunlight goes into making a heat unit of oil vs. gas. It is rarely used in energy analysis. 
EROI of Daqing Oil Field
Boundary
Selecting the appropriate boundaries for EROI analysis is a crucial step. The use of different boundaries in the past based on different research objectives have resulted in very different results, even when applied to the same energy resource. According two-dimensional framework for EROI analysis advocated by Murphy et al. [5] , one dimension is "what do we count as energy output?" and is depicted with the three system boundaries; other dimension is "what do we count as inputs?" and is divided five levels.
This paper discusses the process of exploration and development, and production, and the output is crude oil and natural gas from this process. That is we choose the system boundary 1, which is extracted unprocessed energy described by Murphy et al. [5] . According to the Daqing oil field statistics, we convert natural gas output into oil equivalents. Considering inputs, we divide them into two levels. The first level is direct level, which just has direct energy input given in physical units. The second level is indirect level, which include direct and indirect energy input (total energy input). Besides that, we make the quality-corrected for direct energy input, and then we can get the total energy input of quality-corrected heat equivalents. Therefore, this paper provides the two-dimensional framework (Table 1) , which is similar with the protocol [5] and is appropriate to the type of Daqing oil field data and for the oil and gas industry. In the Table 1, the subscript "1" means the boundary for system boundary 1, while the "d" refers to direct energy inputs. EROI stnd represents the direct and indirect energy inputs and outputs from boundary 1. The "Qd" refers to direct energy input of quality-corrected heat equivalents, while the "Qstnd" refers to quality-corrected of "EROI stnd ". 
Energy Outputs
The data of the Daqing oil field output was derived from the official web site for the field. This output was converted to heat units using the values in Table 2 . Then, we can get energy output as heat equivalents (Figure 4) . However, joule unit measurements are not always equal; for example, the utility of a heat unit of electricity is different from that of a heat unit of coal. Because of this, we also convert all energy units to a common unit by using Divisia index for weighing the difference in quality amongst energy types. By calculating the Divisia index, energy prices are the key factor.
We are able to get accurate crude oil prices for the Daqing oil field every year [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The National Development and Reform Commission publishers adjusted gas prices several times over the course of nine years for different using categories. We derived the annual average gas price for industries [27] . Then, we got energy output after correcting the heat equivalent values for quality (Figure 4) .
The difference between quality-corrected and non-corrected energy output is very small (Figure 4 ). The first reason for this is that natural gas production is small compared to oil production (4.36% in 2001, and 5.57% in 2009; Figure 5 ). The gas production expressed as joules gives only a very small correction. The second reason is that natural gas prices, which are lower than the true market prices, are controlled by the National Development and Reform Commission. 
. Direct Energy Inputs
Direct input, is given in the Daqing oil field in physical units (ton or kwh), and consists of oil for self-use, gas for self-use, gasoline, diesel, and electricity (Table 3) . Some of the direct inputs, such as water, cannot be defined in energy terms, so we ignore them. The input was also expressed in quality-corrected terms using the same Divisia method as for energy output (Figure 6 ). The maximum percentage difference in quality-corrected heat equivalents compared to heat equivalents is only 3.8%. The gasoline and diesel price comes from pricing policy of NPRC, which we use to calculate annual average price. Electricity price is based on 0. 
Indirect Energy Inputs
No data was available explicitly for indirect energy input. However, we were able to derive indirect cost as equation 9. 
where refers to indirect energy input, and , respectively, represent total money input and direct money input.
is energy intensity for all industry in China and its unit is ton of coal equivalent (CE) of 10 4 yuan, which is 2.4 in the year of 2002 (Figure 3) . is the conversion factor from ton of coal equivalent to the ton of raw coal (Table 2) .
represents the conversion factor from ton of raw coal to joules (Table 2) . Take 2002 data is used as an example to illustrate how to get indirect energy input (Table 3 and Table 4 ). Indirect money input (  =  -) 18,564,101
As the Table 3 showed, we derived indirect monetary costs for Daqing oil field from total monetary costs minus direct monetary costs generated from physical units. Then, we got the indirect energy inputs by converting monetary units into energy units (Table 4) . 
Total Energy Inputs
The second level of EROI analysis includes direct and also indirect energy inputs derived from financial data. These are operation costs, depreciation and expenses for producing oil and gas, which include some direct energy inputs (Table 3) . These numbers are not published in a journal or book, but we were able to get them from the financial records of the company. The time series of the energy intensity of Chinese industry are used to convert financial data to joules. Quality-corrected heat equivalent total energy input is shown in Figure 7 . There is only a small difference between quality corrected and non-corrected total energy input (or total energy input). This is because the quality difference is even smaller when we compare them with total energy input by heat equivalent (Figure 8 ). 
Results
We estimate that the energy return on investment (EROI stnd ) for the Daqing oil field decreased from about 10:1 in 2001 to 6.5:1 in 2009 (Table 5 and Figure 9 ). The EROI derived in four different ways show the same decreasing trends, and EROI derived using heat equivalents is higher than when corrected for quality using the Divisia index. However, EROI expressed as heat equivalents changes less than when outputs and inputs are corrected for quality (Figure 9 ). In addition, when the indirect costs are not included, the EROI appears higher, which of course is an artifact of the incomplete analysis. Most often, an EROI analysis is determined by the data available. Since the Daqing oil field does not publish data on pollution we cannot include environmental data as an energy input. For example, the Daqing oil field increases the pressure of the polymers pumped into the ground each year which has large negative impacts on the environment. If the negative externality upon the environment were to be considered, the EROI of the Daqing oilfield would be decreased substantially compared to the value that we present. 
Discussion
Both ecosystems and human societies require energy flows, energy transformations and energy storages. However, different categories of energy vary in source and quality and they have fundamental differences in availability and value. The EROI method helps to connect conceptually the production capacity of both ecosystems and economic systems. If the EROI value reaches 1:1, it means this production activity is no longer energetically favorable-whether in an ecosystem or economic system. Although the EROI value of some energy extraction processes can reach 1:1, the production activity can only continue if subsidized by some other fuel. This appears the case for corn-based ethanol in the US. The declining trend of the EROI of the Daqing oil field demonstrates that oil and gas extraction is becoming more and more difficult even for very large and relatively well-managed fields such as Daqing. The reason is principally that as fields age they require energy-intensive techniques, such as water and polymer injection under substantial pressure. The productivity of any oil field eventually declines regardless of other circumstances. The reasons for the decline are varied, but the important thing is that it seems that depletion of this oil field is a more powerful factor than technological improvements. Also, the reason for the decline in EROI is that while the production of Daqing decreased slowly, the investment of funds and energy increased almost linearly. This paper makes a simple prediction by extrapolating the output and input of Daqing oil field and concludes that the EROI is likely to continue declining over the next 5 years. We utilize the increasing rate of output and input as heat equivalent to make a linear extrapolation, to project the EROI stnd for the next 5 years (Figure 10) . If the decline in EROI continues to follow the present rate, it will reach very low values within one to two decades. In contrast, the output of the Daqing oil field is supposed to be determined by the national plan, which calls for the continued production of 295.6 million barrels. We accept this for the moment, and, make another extrapolation, using this assumption but also assuming that input increased from 2001 to 2009. Then, the EROI declines even if oil production remains flat. Since production of this oil field has been under the control of government which takes great pride in its ability to manage it, the decline in production is rather an embarrassment. The decline in EROI only makes matters worse, but is consistent with what is happening with nearly all other fossil fuels, as seen in this special volume. Net energy analysis related to EROI is of great importance, reflecting the amount of energy which can actually be delivered to society. We find that the net energy of Daqing oil field has the same trend as EROI, both of which are declining, at 3.7% per year (Figure 11 ). From the point of view of energy value, production will lose its significance if the net energy reaches zero, which would impact China's Over the past five years, China's energy consumption increased 6.8% annually, which contributed to the development of the national economy, which has been growing at 11.4% each year. China's economy demands long-term reliable oil production into the future. According to forecasts [28] , China's oil production will probably reach a peak in 2011, at 1450 million barrels. Thereafter, the development of China's economy may be severely constrained by the limitation of energy. As the largest oil field in China at present, the strategic objective of Daqing is sustainable and effective development to create an "evergreen enterprise" to continue to contribute to China's economic, political and social development by supplying plenty of oil. Nevertheless, the Daqing oil field is becoming of lower importance in the national oil supply as its share of total production dropped from 51.3% to 21.1% in 2009. The managers of the Daqing oil field should become fully aware of the warning index that EROI and net energy play, and then adjust to this reality. Decrease Rate (% per year)
